Prediction models for low volume village roads in India are developed to evaluate the progression of different types of distress such as roughness, cracking, and potholes. Even though the Government of India is investing huge quantum of money on road construction every year, poor control over the quality of road construction and its subsequent maintenance is leading to the faster road deterioration. In this regard, it is essential that scientific maintenance procedures are to be evolved on the basis of performance of low volume flexible pavements. Considering the above, an attempt has been made in this research endeavor to develop prediction models to understand the progression of roughness, cracking, and potholes in flexible pavements exposed to least or nil routine maintenance. Distress data were collected from the low volume rural roads covering about 173 stretches spread across Tamil Nadu state in India. Based on the above collected data, distress prediction models have been developed using multiple linear regression analysis. Further, the models have been validated using independent field data. It can be concluded that the models developed in this study can serve as useful tools for the practicing engineers maintaining flexible pavements on low volume roads.
Introduction
Road transportation sector plays a crucial role in accessing the growth of any country. India has very good road connectivity with nearly 4.4 million km length of roads [1] . Though enormous types of roads are available in India, low volume village roads connecting small villages with each other and also with other categories of roads play a vital role towards the economic growth of the country as such class of roads establishes direct linkages with agricultural and production sectors. Presently, the total length of low volume village roads in India is around 2,750,000 km [2] . Most of these roads are flexible pavements having poor pavement composition minimum required thickness of pavement layers as per IRC 37:2012 [3] and minimum acceptable quality of materials indicated in the Indian standard specification for road construction [4] . Even though the Government of India (GoI) is investing huge quantum of money on road construction every year, poor control over the quality of road construction and its subsequent maintenance is leading to the faster road deterioration. In this regard, it is essential that scientific maintenance procedures are to be evolved on the basis of performance of low volume flexible pavements. Even though, many scientific models are available for assessing the performance of flexible pavements, these cannot be applied to low volume roads providing connectivity primarily to the villages. The models developed elsewhere in Europe and North America for planning, design, construction, and maintenance of pavements [5, 6] for assessing the performance of flexible pavements are not transferable for Indian conditions as they are having the following basic impediments:
(i) Global models have a number of explanatory variables and the models require the development of adjustment factors to account for the local conditions. (ii) In India, low volume village roads have very low traffic volume catering to less than 150 commercial vehicles per day (CVPD) coupled with inferior pavement composition. Therefore, the deployment of existing performance prediction models for low volume village roads in India by developing adjustment factors is a debatable decision.
Literature Review
The literature related to models developed pertaining to the performance prediction of the flexible pavement has been reviewed and the observations are summarized in Table 1 . Based on the review of the above literature, it is evident that the factors such as traffic loading, age, pavement strength, and environmental conditions are generally influencing the behavior of flexible pavements and, therefore, the indigenous models have to be developed encompassing the effect of local conditions. The HDM-IV models developed by World Bank involve large number of variables which require calibration for the local conditions. As such, the models available for the low volume flexible pavements catering to traffic less than 150 CVPD are very limited.
Objectives of the Study
Based on the above reviewed literature and ground requirements, the objectives of this study have been evolved as follows:
(i) To develop performance prediction models accounting for the distress such as roughness, cracking, and potholes encompassing the flexible pavements in village roads. (ii) To develop most versatile model to enable the field engineers to use it without any difficulty.
Study Methodology
The entire research work has been divided into the following steps. (ii) Sections on straight reaches and plain terrains.
(iii) Sections without cross roads, cross drainage works, and habitations.
(iv) Sections with uniformity in longitudinal and transverse directions with regard to crust composition, subgrade, drainage, and surface conditions to the possible extent.
Distress Measurements.
The distress such as roughness, cracking, and potholes was measured in all the 173 test sections as described below.
Roughness.
The roughness measurements were taken with the towed Fifth Wheel Bump Indicator [10] , which is one of the standard devices for measuring roughness in India. The output of this device is in mm/km or m/km [16] . The observations were taken on the outer wheel path in both directions, at a distance of 0.6 m from the edges of the pavement, till three nearly consistent readings were obtained and the average of these three readings was taken as the roughness value [16] .
The following precautions were taken during measurements:
(a) The speed of the vehicle was maintained uniform to the possible extent around 30 km/h, that is, ±2 km/h. This speed was attained before reaching the section and attempt was made to maintain the same speed for some distance before reaching the section.
(b) Considering the need to maintain consistency during data collection phase, the same bump integrator unit was used on all the test sections during different series of observations.
(c) For nonexperimental running, the unit was run on towing wheel.
The towed fifth wheel bump integrator was periodically calibrated, before the measurement with a standard bump integrator which was used for calibration purpose only.
Cracking.
For measurements, all types of cracks were combined together and the affected area was marked in the form of square or rectangle. The length and breadth of distressed areas were measured by a tape. In case of single longitudinal and transverse cracks, the crack length was measured and effective width was taken as 300 mm. In each segment, total area of cracking was calculated and entered as a percentage of segment area [10] . 
Traffic Volume Survey.
The traffic surveys were conducted for seven consecutive days round the clock, by engaging adequate number of enumerators. From the traffic survey data, the number of commercial vehicles per day (CVPD) was calculated for each section and the same has been utilized for model development [3] .
Pavement Strength. Pavement strength in this study is measured in terms of modified structural number (MSN).
The concept of structural number (SN), a pavement strength indicator, was originally developed during the AASHTO Test [5] . The relationship used to obtain the structural number of a pavement is given below:
where 1 , 2 , 3 , . . . ., , are the strength coefficients of materials used in different pavement layers and 1 , 2 , 3 , . . . , are the corresponding thickness in inches. The strength coefficients suggested by Central Road Research Institute (CRRI), New Delhi, for Indian conditions for different materials are used in this study [10] .
The structural number (SN) thus obtained is modified to account for the subgrade strength using the following equation [5] :
where MSN is the modified structural number, SN is the structural number, CBR is the California Bearing Ratio of subgrade soil.
Rainfall Particulars.
Rainfall particulars for the test sections were collected from Meteorological Department of India and utilized.
Development of Performance Models.
The distress measurements made on all the 173 test sections during the course of the study were analyzed to obtain the input parameters for the development of models. The dependent variables considered in this study are (i) roughness, (ii) cracks, and (iii) potholes.
The independent variables considered in this study are traffic volume in terms of number of commercial vehicles per day (CVPD), pavement strength in terms of MSN, and age since last renewal of pavement surface and cumulative rainfall. Since the environmental conditions are almost the same throughout the study area, expect some variations in rainfall, rainfall data was also considered in this study as one of the independent variables. Out of the 173 test sections, data collected from 120 test sections were kept as "in-sample" data for model development and the remaining were designated as "out-of -sample" data for model validation. The in-sample data and out of sample data were obtained by sorting the data randomly. The range of data used for the model development and validation is given in Table 2 .
Roughness Prediction Model
In this model, roughness value was taken as the dependent variable and the measured pavement parameters, namely, AGE, MSN, CVPD, and RN, were considered as independent variables. Though the independent variable "RN" did not exhibit any significance, good correlation exists between roughness and the other three independent variables. The significance of independent variables in descending order was observed to be AGE, MSN, and CVPD.
The best model obtained using multiple linear regression analysis is as follows:
In the above model, roughness increases with increase in CVPD and AGE, as they appear with positive coefficients. On the contrary, roughness decreases with increase in MSN, as it appears with negative coefficient. The negative sign indicates that the stronger the pavement, the lesser the potential for surface unevenness.
In order to explain the robustness of the model, a plot is made between observed roughness values of the out of sample data and predicted roughness values from the model as shown in Figure 1 . The alignment of plotted points along the line of equality indicates the robustness of the model.
Crack Prediction Model
In this model, measured crack value was taken as the dependent variable and the measured pavement parameters, namely, AGE, MSN, and CVPD, were considered as independent variables. Though variable independent "RN" did not exhibit any significance, good correlation exists between crack and the other three independent variables. The significance of independent variables in descending order was observed to be AGE, MSN, and CVPD. The best model obtained using multiple linear regression analysis is as follows:
In the above model, cracking increases with increase in CVPD and AGE, as they appear with positive coefficients. On the contrary, cracking decreases with increase in MSN, as it appears with negative coefficient. The negative sign indicates that the stronger the pavement, the lesser the potential for cracking. In order to explain the robustness of the model, a plot is made between observed cracking values of the out of sample data and predicted cracking values from the model as shown in Figure 2 . The alignment of plotted points along the line of equality indicates the robustness of the model.
Development of Pothole Model
In this model, measured crack value was taken as the dependent variable and the measured pavement parameters, namely, AGE, MSN, and CVPD, were considered as independent variables. In the prediction of potholes model, the independent variable "RAIN" did not exhibit any significance, good correlation exists between potholes and the other three independent variables. The significance of independent variables in descending order was observed to be AGE, MSN, and CVPD. The best model obtained using multiple linear regression analysis is as follows:
In the above model, pothole increases with increases in CVPD and AGE, as they appear with positive coefficients. On the contrary, pothole decreases with increase in MSN, as it appears with negative coefficient. The negative sign indicates that the stronger the pavement, the lesser the potential for formation of the potholes.
In order to explain the robustness of the model, a plot is made between the observed pothole values of the out of sample data and predicted pothole as shown in Figure 3 . The alignment of plotted points along the line of equality indicates the robustness of the model. 
Statistical Validity of the Models
To check the statistical validity of the models and checking the significance of the variables, well-known "Student's " values and " values" for each of the independent variables considered in the models are calculated and presented in Table 3 .
The acceptable "Student's " statistic value for 95% confidence level is 1.645. It has been observed from Table 3 that "Student's " values estimated for all the distress parameters are greater than 1.645, which implies that the dependent variable follows a normal distribution with a constant variance across observations. These values represent the confidence of the model parameters at 95% confidence interval. It has been observed from Table 3 that the " values" for all distress parameters are less than 0.05; hence all the variables included in the models are acceptable and found to be significant for model development. Regression statistics and the results of ANOVA are also presented in Tables 4 and 5. From  Table 4 it has been observed that the value of "Multiple " is 0.946, 0.956, and 0.937 for roughness, cracking, and potholes, respectively. It can be also observed from Table 4 that the Standard Expected Error between the observed and predicted roughness, cracking, and pothole values is 0.77 m/km, 1.56%, and 2.41%, respectively. Further, it can be inferred from Table 5 that the values of "Significance " are less than 0.05 for all the three models signifying the fact that the developed models are significant. The relevance for each of the independent variables considered in this study was further corroborated by the collinearity statistics presented in Table 3 . It is evident from Table 3 that the Variance Inflation Factor (VIF) is always greater than "1" and also the strength of the independent variables was established due to the fact that VIF values are ranging between "1" and "2" thereby nullifying the presence of multicollinearity between the independent variables.
Conclusions
(i) The models, developed in this study, are thoroughly evaluated for their effectiveness by validation process and thereafter tested to understand their prediction capability. Comparison of the predicted values with actual values (out of sample data) demonstrates their accuracy.
(ii) The significance of independent variables in descending order in the models are found to be age, modified structural number (MSN), and traffic.
(iii) The rainfall factor is found to be insignificant factor as the test sections in this study were not subjected to any conditions of inundation.
(iv) The models developed in this study can be used as an effective tool in maintenance management of flexible pavements for low volume village roads.
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Suggestion for Further Study
The strength coefficients of the pavement layers may change with time due to the effects of repetitions of loading and environmental conditions. This aspect is not accounted for in this study considering the volume of work. The changes in strength coefficients in pavement layers for the materials used for the construction of low volume village roads in India may be taken up as a further study.
